Introduction {#Sec1}
============

Grapevine is an important perennial crop cultivated worldwide and consumed as fresh or dried fruit or processed to produce wine, grape juice and vinegars, as well as marmalades, jellies, butter and jam. Its production in Italy achieved 8.6 millions of tons and represents 11% of the world production^[@CR1]^. The moderate consumption of wine^[@CR2],[@CR3]^ and the inclusion of grapes and derivate products in the diet^[@CR4]^ may result in beneficial effects for human health because it can decrease risk factors associated with cardiovascular and neurodegenerative diseases, cancer and age-related cognitive decline^[@CR5]^.

Grapevine is highly responsive to local conditions and to agronomic practices, leading to specific characteristics of the different kind of wines^[@CR6]^. This feature corresponds to the official definition of "terroir" given by the International Organization of Vine and Wine (OIV) as: "*a concept which refers to an area in which collective knowledge of the interactions between the identifiable physical and biological environment and applied vitivinicultural practices develops, providing distinctive characteristics for the products originating from this area. "Terroir" includes specific soil, topography, climate, landscape characteristics and biodiversity features*" (Resolution OIV/Viti 333/2010). Even if climate and soil characteristics associated to the vine "terroir" have been largely studied, interest for the "microbial terroir" of vineyard^[@CR7]^ has been, so far, less investigated and understood^[@CR6]^.

Mutualistic plant-microbe interactions offer a novel approach to enhance agricultural productivity also reducing environmental costs, that are mainly due to the massive use of chemical fertilizers. In this context, arbuscular mycorrhizal fungi (AMF) are an important group of soil microorganisms, because they provide an increased interface between roots and soil, so improving the plant nutritional state, especially the phosphatic one^[@CR8]^. At the same time, AMF provide further advantages for the plants, allowing them to better tolerate biotic and abiotic stresses^[@CR8]--[@CR11]^ and ameliorating fruit yield and quality^[@CR12]--[@CR17]^. In this respect, the reduction of the biodiversity of the AMF community can negatively impact on plant functionality^[@CR8]^. Recent studies show that key ecosystem processes are affected by a loss in soil biodiversity^[@CR18]^ and that land usage has a great impact on it^[@CR19]^ and, therefore, on the ecosystem services provided by the soil microbiota^[@CR20]^. The composition of AMF communities could also vary with the plant phenological stage, especially during flowering and ripening, as these phases are accompanied by changes in root-exudate composition^[@CR21]^.

Previous reports suggest a host preference among *Vitis* and AMF^[@CR22]^. It is also known that grapevines are dependent on AMF for growth and development^[@CR23],[@CR24]^. In addition, native AMF in a given zone are often reported to be more effective than the non-native ones^[@CR25]^; hence, the importance of better knowing the structure of native AMF communities, also for possible applications for sustainable agricultural ecosystems^[@CR26]^, has grown over time. Few works are available in the literature about the study of AMF biodiversity in orchard tree plants^[@CR27],[@CR28]^ or in vineyards, using a molecular approach, considering both AMF present in the soil and those associated to vine roots^[@CR22],[@CR26],[@CR29]--[@CR32]^.

Moreover, another important factor that can influence the composition of soil microbial community is the type of vineyard management (e.g. conventional, biological and/or integrated), as the biocide application can negatively affect soil microorganisms, including AMF^[@CR33],[@CR34]^. In particular, the integrated pest management (IPM) approach contemplates the use of selective and less dangerous pesticides, distributed in lower amount and with a lower frequency in respect to a conventional plan^[@CR35]^.

To our knowledge, no information exists about AMF biodiversity in IPM vineyards. So, this work has a dual purpose: the first one is to characterize the AMF community present in the soil associated to the roots of *V. vinifera* cv. Pinot Noir, in a vineyard, located in Piedmont (Italy) (Fig. [1](#Fig1){ref-type="fig"}) and subjected to IPM, at two different phenological stages of the plant (flowering and fruit development); the second one is to propose a new approach to study the AMF communities, particularly to decipher the identity of the "*de novo* AMF taxa".Figure 1Vineyard view and sampling map. The vineyard is located in "Tenuta Cannona" at the Agrion "Fondazione per la ricerca, l'innovazione e lo sviluppo tecnologico dell'agricoltura piemontese". GIS map of the two sampling sites: one in an area without grapevines, just ouside the borders of the vineyard (Bulk soil or Bs) and one inside the vineyard (Root associated soil or Rs). The image was produced by the authors using QGIS v. 2.10 Pisa (QGIS Development Team, 2015. Quantum GIS Geographic Information System. Open Source Geospatial Foundation Project. <http://qgis.osgeo.org>).

Results {#Sec2}
=======

Assessment of root colonization {#Sec3}
-------------------------------

Grapevine roots grown in Rs were colonized by AMF in both samplings, but no significant differences between the two samplings were detected. In particular, the frequencies of colonization were 97.4% ± 1.6 at the first and 99.7% ± 0.3 at the second sampling. The degrees of mycorrhizal colonization were 42.4% ± 6.4 and 37.2% ± 6.9 and the arbuscule abundances were 23.7% ± 5.6 and 20.4% ± 4.5, in the first and the second sampling, respectively.

Taxa abundance and analysis of biodiversity {#Sec4}
-------------------------------------------

The real number of sequences obtained from each replicate for Bs and Rs, is reported in Table [1](#Tab1){ref-type="table"}. In general, the average number of sequences obtained was about 9,000. The number of sequences was then normalized in order to compare the different samples.Table 1Number of sequences obtained from the different replicates of Bulk soil (Bs) and soil associated with the roots of *V. vinifera* cv. Pinot Noir (Rs) at the two sampling times (1 S = first sampling in May; 2 S = second sampling in July).Soil sampleReplicatenumber of sequencesAvarage number of sequences1S2SBs13,7739,1769,094210,8815,222310,5923,955410,35712,23959,8696,664Rs17,9168,7018,78426,49110,988310,0998,670410,40410,32259,01111,099

The rarefaction curves (Fig. [S1](#MOESM1){ref-type="media"}), reaching a plateau, show that the number of obtained sequences was sufficient to deeply describe these soil samples. A total of 528 taxa (359 univocal), were obtained from the two soils at the two sampling times, including 113 "AMF known" and 415 "*de novo*" ones (Tables [S1](#MOESM1){ref-type="media"} and [S2](#MOESM1){ref-type="media"}). In Fig. [2A](#Fig2){ref-type="fig"} the distribution of taxa obtained for each sample is represented. In the case of Bs, 131 and 123 taxa were obtained in the first and the second sampling time, respectively. In particular, a decreased number of ″AMF known″ taxa (from 28 to 16) occurred in Bs2S sample if compared to Bs1S (factor time), while the number of ″AMF *de novo*″ taxa was similar (103 and 107, respectively). The total number of sequences in Rs samples was the same in both samplings (137) despite an increase of ″AMF known″ taxa (from 26 to 43) in Rs2S if compared to Rs1S (factor time).Figure 2**A) Taxa richness**. Taxa obtained from Bulk soil (Bs) and the soil associated with the roots of *V. vinifera* cv. Pinot Noir (Rs) during the two sampling times (1 S = flowering and 2 S = fruit development). Bars represent the percentage, while labels inside the bars indicate the real number of taxa of "AMF known" (white) and "AMF *de novo*" (grey). **B) Venn diagrams**. Venn diagrams representing the number of taxa, that were exclusive or common to: a) Bulk soil (Bs) and the soil associated with the roots of *V. vinifera* cv. Pinot Noir (Rs) in the first (1 S) or in the second (2 S) sampling time (upper part on the left of the figure); b) the first (1 S) and the second (2 S) sampling times in Bs or in Rs (lower part on the left of the figure); c) the four soil samples (Bs1S, Rs1S, Bs2S, Rs2S - on the right of the figure). The Venn diagrams were drawn using the freely available Venny version 2.1 software (<http://bioinfogp.cnb.csic.es/tools/venny>).

Bs1S and Rs1S or Bs2S and Rs2S (factor space) shared 19 and 34 taxa, respectively. Bs contained the same 45 taxa in both sampling times, while, the number of taxa common in the two samplings was 55 in Rs. Finally, thirteen taxa were common to all samples (Fig. [2B](#Fig2){ref-type="fig"}).

The calculation of observed species, Simpson and Shannon indices was performed to compare AMF diversity (Fig. [3](#Fig3){ref-type="fig"}). For all indices, in both sampling times, the median values were not statistically significant different in the two type of soil.Figure 3Alpha diversity indices. **A) Number of observed AMF species** (p-value 0.7073), **B) Simpson index** (p-value 0.94376) and **C) Shannon's Index** (p-value 0.92697) of biodiversity detected in Bulk soil (Bs) and in soil associated with the roots of *V. vinifera* cv. Pinot Noir (Rs) at the two sampling times (1 S = flowering and 2 S = fruit development). Alpha diversity analysis was performed using the phyloseq package of MicrobiomeAnalyst, a free available on-line software (<https://www.microbiomeanalyst.ca>).

The time and space effect on the AMF community are represented in the heat trees (Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). In particular, Fig. [4A](#Fig4){ref-type="fig"} (time effect in Bulk soil) displays the increase (blue lines) of *Septoglomus viscosum*, of *de novo\_*811, *de novo\_*837, *de novo\_*1185 and *de novo\_*3745 taxa in Bs2S in respect to Bs1S. Figure [4B](#Fig4){ref-type="fig"} (time effect in the soil associated to *V. vinifera* roots) shows the increase of the AMF community in the Rs2S samples in respect to Rs1S, particularly of the *de novo*\_17 taxa. Heat trees presented in Fig. [5A](#Fig5){ref-type="fig"} (space effect) displays the increase of *Septoglomus viscosum* and of *de novo\_*442 taxa in Rs1S in respect to Bs1S, while Fig. [5B](#Fig5){ref-type="fig"} displays the increase of *Septoglomus viscosum* and of *de novo\_*10505 taxa and the decrease of *de novo\_*610 in Rs2S in respect to Bs2S. The table reporting the statistical details of these results are showed in Table [S3](#MOESM1){ref-type="media"}.Figure 4Heat tree of factor Time. Heat Trees report the effect of the sampling time on hierarchical structure of taxonomic classifications (median abundance, non-parameter Wilcoxon Rank Sum test). (**A**) Bs1 vs Bs2; (**B**) Rs1 vs Rs2. Heat tree analysis was performed using R metacoder package of MicrobiomeAnalyst, a free available on-line software (<https://www.microbiomeanalyst.ca>).Figure 5Heat tree of factor Space. Heat Trees report the effect of the presence of *V. vinifera* roots on hierarchical structure of taxonomic classifications (median abundance, non-parameter Wilcoxon Rank Sum test). **A)** Bs1 vs Rs1; **B)** Bs2 vs Rs2. Heat tree analysis was performed using R metacoder package of MicrobiomeAnalyst, a free available on-line software (<https://www.microbiomeanalyst.ca>).

Data analyzed by PCoA underlined a different structure between the two soils (space effect) (PERMANOVA p-value \<0.001); Bs and Rs samples were clearly separated along the x-axis (Fig. [6A](#Fig6){ref-type="fig"}). PCoA results also revealed that time (Fig. [6B](#Fig6){ref-type="fig"}) is not a statistical significant parameter determining the difference between the AMF community analyzed.Figure 6Principal Coordinates Analysis (PCoA). Comparison by PCoA of the ecological distance (with the Bray--Curtis distance based method) of the different compartments. **(A)** Soil type effect (Bs = Bulk soil, Rs = soil associated with the roots of *V. vinifera* cv. Pinot Noir), PERMANOVA F-value: 2.3313; R-squared: 0.11467; p-value \<0.001. **(B)** sampling time effect (1 S = flowering and 2 S = fruit development), PERMANOVA F-value: 0.75825; R-squared: 0.040422; p-value \<0.845. Beta diversity analysis was performed using the phyloseq package of MicrobiomeAnalyst, a free available on-line software (<https://www.microbiomeanalyst.ca>).

To give a name to the ″AMF *de novo*″ taxa, they were BLASTed against NCBI database (Table [S2](#MOESM1){ref-type="media"}). Then, these ″*de novo*-BLASTed″ taxa were grouped with the ″AMF known″ ones, according to the belonging taxon. Two taxa corresponded to higher AMF classification levels (subphylum and order; Fig. [7A](#Fig7){ref-type="fig"} - orange area on the left). Many taxa were included in the family Glomeraceae (Fig. [7A](#Fig7){ref-type="fig"} - central green area); *Glomus* sp. was the most abundant taxon (30 taxa in Rs1S). All the other remaining taxa of the family Glomeraceae belonged to the genus *Rhizophagus*, with the exception of *Septoglomus viscosum*. All the taxa belonging to the family Archeosporaceae were included in only one genus (*Archeospora* sp.; Fig. [7A](#Fig7){ref-type="fig"} - yellow area on the right).Figure 7Taxa classification. (**A**) Number of sequences belonging to the different taxa - obtained grouping ″AMF *de novo*-BLASTed″ taxa with the ″AMF known″ ones, on the basis of the group to which they belonged - in the different compartments (Bs = Bulk soil, Rs = soil associated with the roots of *V. vinifera* cv. Pinot Noir) at the two sampling times (1 S = flowering and 2 S = fruit development). (**B**) Relative abundance of taxa, obtained considering separately "AMF known" and "AMF *de novo*-BLASTed", belonging to each group, in Bulk soil (Bs) and in the soil associated with the roots of *V. vinifera* cv. Pinot Noir (Rs) at the two sampling times (1 S = flowering and 2 S = fruit development).

Most of the taxa were detected in both soils, with the exception of unknown Glomeromycota and *Rhizophagus diaphanus* that were present only in Bs in the two sampling times.  Moreover, *Rhizophagus aggregatus* was found only in the Rs in the second sampling time (Fig. [7A](#Fig7){ref-type="fig"}).

However, considering the "AMF *de novo*" taxon identification by NCBI, the obtained results did not give new information about the occurrence of taxa, if compared to the knowledge acquired with "AMF known" taxa, with the exception of the genus *Archeospora* (Fig. [7B](#Fig7){ref-type="fig"}). The "AMF known" taxa belonged only to the family Glomeraceae (Fig. [7B](#Fig7){ref-type="fig"}). All the identified "AMF *de novo*" taxa corresponded to uncultured AMF, except five: one *de novo Glomeromycota* sp., two *de novo Glomus* sp., one *de novo Rizophagus irregularis* and one *de novo Septoglomus viscosum* (Table [S2](#MOESM1){ref-type="media"}).

The Linear discriminant analysis Effect Size (LEfSe) results, presented in Fig. [8](#Fig8){ref-type="fig"} and Table [S4](#MOESM1){ref-type="media"}, showed the 11 taxa that better explained the differences in the analyzed AMF community. In particular, *Septoglomus viscosum* showed a LDA score of 5.95 (p-value 0.0037752), the highest values in Rs2S followed by Rs1S. Other important taxa present in the soil associated to *Vitis vinifera* roots (Rs) were *de novo\_*811 that was Uncultured *Rhizophagus* (LDA score 4.78), *de novo\_*10993 that was Uncultured *Glomus* (LDA score 4.78), *de novo\_*10505 that was *Septoglomus viscosum* (LDA score 4.62), *de novo\_*3745 that was Uncultured *Archeospora* (LDA score 4.13), *de novo\_*11021 that was Uncultured *Glomus* (LDA score 4.03), *de novo\_*837 that was Uncultured *Glomus* (LDA score 3.66), *de novo\_*11042 that was Uncultured *Glomus* (LDA score 3.53). On the contrary, the three *de novo* taxa, *de novo\_*17 that was Uncultured *Archeospora* (LDA score 5.51) *de novo\_*610 that was Uncultured *Rhizophagus* (LDA score 5.51) *de novo\_*619 that was Uncultured *Glomus* (LDA score 3.32) mostly explained the differences in Bs.Figure 8Linear discriminant analysis Effect Size (LEfSe). LEfSe results using non-parametric factorial Kruskal-Wallis (KW) sum-rank test. Adjusted p-value cutoff = 0.05 and LDA score = 1.0; *de novo\_*17 = Uncultured *Archeospora* (LDA score 5.51); *de novo\_*610 = Uncultured *Rhizophagus* (LDA score 5.51); *de novo\_*811 = Uncultured *Rhizophagus* (LDA score 4.78); *de novo\_*10993 = Uncultured *Glomus* (LDA score 4.78); *de novo\_*10505 = *Septoglomus viscosum* (LDA score 4.62); *de novo\_*3745 = Uncultured *Archeospora* (LDA score 4.13); *de novo\_*11021 = Uncultured *Glomus* (LDA score 4.03); *de novo\_*837 = Uncultured *Glomus* (LDA score 3.66); *de novo\_*11042 = Uncultured *Glomus* (LDA score 3.53), *de novo\_*619 = Uncultured *Glomus* (LDA score 3.32). LEfSe analysis was performed with MicrobiomeAnalyst, a free available on-line software (<https://www.microbiomeanalyst.ca>).

Discussion {#Sec5}
==========

The AMF symbiosis is probably the most widespread beneficial interaction between plants and microorganisms; it has been shown that AMF are able to colonize grapevine roots^[@CR6]^. Our interest in characterizing the AMF community associated to grapevines is justified by both economic and historical reasons. In fact, Piedmont is the second Italian region for areas dedicated to vineyards and wine production^[@CR36]^ and, since 2014, the hills of the Piedmont area covering the Langhe, Roero and Monferrato have been included on the UNESCO World Heritage list (<http://whc.unesco.org/en/list/1390>). So, the study of the structure of AMF communities has become crucial to characterize the "terroir" of a variety largely cultivated in Piedmont such as Pinot Noir.

This work reached the two goals: 1) to characterize the biodiversity of AMF in two types of soil (Rs and Bs, that were influenced or not by the presence of grapevine roots, respectively) and at two different stages of plant growth (flowering and fruit development) in an IPM vineyard and 2) to propose a new approach to decipher the identity of the "*de novo* AMF taxa".

In order to investigate whether the AMF present in the Rs were able to colonize *V. vinifera* roots, the mycorrhization degree were assessed and the plants resulted to be colonized by AMF, with values similar to those previously reported in the literature^[@CR24],[@CR26]^, without significant differences between the two considered plant phenological stages. In fact, Schreiner^[@CR24]^ reported that arbuscular colonization of *V. vinifera* cv. Pinot Noir roots increased prior to bud break in the spring, reached a high level (50--60% root length) in early summer, and remained high until after the time of leaf senescence in late fall.

Regarding pyrosequencing analysis, the resulting fragments were 700 bp long, having a larger size if compared to those obtained in other published works^[@CR22],[@CR31]^. Following the criteria suggested by Lindahl and colleagues^[@CR37]^ and Hart and coworkers^[@CR38]^ we applied coverage ≥ 80% and similarity of sequences ≥ 97% in order to identify taxa at the species level. We found a total of 528 taxa: this result is consistent to what was observed by Holland at al.^[@CR39]^ that obtained 816 taxa studying the AMF biodiversity in a Canadian area using the SSU rDNA marker. On the basis of the statistical analysis, we can assert that: 1) the AMF biodiversity was not different both in space and time; 2) the most number of observed taxa belonged to the family Glomeraceae (*Septoglomus viscosum*) in both soils and at the two phenological stages (sampling times), even if they were represented by different taxa.

The first point indicates that, at flowering time, the number of species of AMF in this vineyard was higher in the soil associated to the roots than in Bulk soil, while no differences in number were observed at fruit development stage. This last observation could be linked with the presence of herbaceous plants in Bs that, with their root exudates, can induce an increase of the number of AMF species^[@CR22]^. However, the involved taxa were different between the two soils: for example, in the second sampling, only 34 taxa were common to both soils, while 89 were exclusive of Bs2S and 103 of Rs2S. Moreover, only 13 taxa were shared by the two soils at the two phenological stages.

It is noteworthy that Bs and Rs are characterized by AMF communities with different structure (also confirmed by PCoA analysis), although they have similar biodiversity indices: the Simpson index - which is based on the probability to assign two independent individuals, taken randomly from the community, to the same species -- and the Shannon index - an entropy measurement that increases according to the number of species in the sample -- the second index is particularly sensitive to the number of rare species in a community^[@CR40]^, that in our work were represented by the taxa with a low number of sequences. Our results are in agreement with those obtained by Schreiner and Mihara^[@CR30]^ in a similar study, that analyzed the seasonal effect in vineyards of different ages and where no time effect was observed; however, the second sampling time was different, because they considered the onset of ripening in the middle of September, instead of fruiting time (July) as in our work. However, it is reported in the literature that seasonality has an effect on the biodiversity of AMF associated with crops other than grapevines^[@CR41]--[@CR43]^. Finally, the comparison of phylogenetic distance obtained by PCoA underlined that Bs differed from Rs, confirming what previously presented.

Despite the primers used in this study were specific for AMF, and so they were designed to target also representatives of Claroideoglomeraceae, Acaulosporaceae, Gigasporaceae and Diversisporaceae, no fungal sequences belonging to these families were detected. In line with other studies that describe AMF biodiversity in vineyard soils and on grapevine roots, many fungal taxa corresponded to Glomeraceae, which is known to be the most abundant taxon in agricultural lands^[@CR44],[@CR45]^, and also in vineyards^[@CR6],[@CR22],[@CR31],[@CR32]^. Fungi belonging to this family have a high growth rate and a rapid recovery of hyphal network following disturbance due to the agricultural practices^[@CR6],[@CR45]^. *Glomus* sp. was the most abundant taxon, all the other remaining taxa of the family Glomeraceae belonged to the genus *Rhizophagus*, with the exception of *Septoglomus viscosum*.

In agreement with Schreiner and Mihara^[@CR30]^ and to Balestrini *et al*.^[@CR32]^ we also found taxa belonging to the family Archeosporaceae that in this work were represented only by one genus: *Archeospora* sp. The vineyard analyzed in this work was planted 25 years ago and, in time, a selection of the AMF might have been induced by the grapevines, as proposed also by Schreiner and Mihara^[@CR30]^, that reported a lower AMF biodiversity in older grapevines. This selection could be influenced also by the soil characteristics: temperature, pH, moisture content, nutrient status and in addition the host identity and diversity are known to affect AMF biodiversity^[@CR6],[@CR32]^. The influence of the rootstock (in this case SO4) is another important factor that must be taken into account in the interpretation of the obtained data. Schreiner^[@CR46]^, monitoring grapevine root colonization for three years, showed that little differences in the ability to form mycorrhizas among rootstocks exist. So, data obtained in this work could be generalizable to vineyards where this rootstock is present and where there are comparable situations of soil features and climate.

It is noteworthy that the AMF populations (with Glomeraceae and Archeosporaceae as prevalent taxa) found in this work, performed in an IPM vineyard, were similar to those obtained in other vineyards managed by different practices^[@CR30],[@CR32],[@CR39]^. IPM management contributes to maintain biodiversity within the vineyard, as it limits the pesticide application and it employs plant cover to improve the biodiversity of soil microorganisms^[@CR28]^. In fact, AMF diversity or community composition can be affected by a number of uncontrolled variables, such as soil tillage, cover crops, manure, quality and quantity of herbicides, pesticides and fertilizers^[@CR28]^.

Regarding the methodological approach used in this work to study the AMF communities, we propose a new method that does not generate OTUs in the first analysis phase. We adopt the alignment of each single sequence against the reference database, in order to remove the 3% error deriving from the clusterization in groups for OTU definition. In fact, we did not chose a sequence representative of a group of multiple sequences (OTU), but, in our method, the group corresponds to a single sequence. This approach is useful to discriminate those taxa that are very similar to each other, especially in the case of fungi, which are multinucleated organisms.

Concluding, our data showed that different AMF communities were associated with the two soils (Bs and Rs) confirming the importance of the presence of host plant in regulating AMF community structure.

Moreover, we would underline that pyrosequencing is a powerful technology that provides a large number of sequences, useful to describe the biodiversity of an ecosystem. However, the specific features of the biological system under analysis should not be disregarded. In fact, when studying the biodiversity of organisms, such as AMF, represented by a low number of species, greatly increasing the depth of the analysis (high number of sequences) does not provide an added value to the real biological data.

Material and Methods {#Sec6}
====================

Soil Sampling {#Sec7}
-------------

The experimental vineyard is located in the hills of Piedmont close to Carpeneto (AL, Italy - altitude: 286 m a.s.l., latitude: 44.683706°N and longitude: 8.6258889°E). This vineyard was managed according to IPM. In Europe, IPM is not yet regulated; however, its general principles are listed in the Annex III of Directive 2009/128/EC.

Two soils, one not affected by grapevine root presence and referred here as Bulk soil (Bs), and one associated with the roots of *V. vinifera* cv. Pinot Noir grafted onto SO4 rootstock (Rs), were analys ed. Soil samplings were performed in May (Bs1S and Rs1S) and July (Bs2S and Rs2S) 2014, corresponding to flowering and fruit development, respectively (Fig. [1](#Fig1){ref-type="fig"}). Bs was collected in a zone close, but external to the vineyard, without grapevines and partially covered with grasses. Grapevine roots entrapped in the soil cores collected close to the stem were considered for the sampling of the soil associated to the roots and the soil adhering to these roots was removed (Rs). Five samples for each soil (Bs or Rs) and for each time (1S or 2S), were collected at a depth of 30 cm, corresponding to the topsoil, after removing the surface layer (3--5 cm). For each sample, three soil cores were taken. As recommended by the Italian law (GU 179/2002) for soil characterization analysis, the three soil cores taken in the proximity of each plant were pooled and mixed to prepare one sample. Soil samples were stored at −20 °C for 1 week until DNA extraction.

The two soils were clay loam, with a neutral pH. Rs presented higher values of organic matter, N, C/N ratio, P~2~O~5~ if compared to Bs^[@CR47]^. Temperature, humidity and rainfall trends are reported in Fig. [S2](#MOESM1){ref-type="media"}.

As fully described in Novello *et al*.^[@CR35]^, grapevines were chemically weeded and treated against *Peronospora* spp., *Oidium* spp. and *Botrytis cinerea*; moreover, two insecticide treatments were applied, following IPM guidelines. The phytosanitary treatments were carried out in the same way on both soils: even though there were no plants, the treatment was performed also in Bs in order to cover the whole area.

Assessment of root colonization {#Sec8}
-------------------------------

Mycorrhizal frequency, the level of mycorrhizal colonization and the content of arbuscules were evaluated microscopically according to the method of Trouvelot *et al*.^[@CR48]^. Briefly, 30 randomly chosen 1 cm long pieces of grapevine roots were cut, cleared for 90 min at 80 °C in 10% KOH, stained with 1% methyl blue in lactic acid, and mounted onto slides. Results were statistically analyzed by ANOVA followed by Fisher's test, with significance cut-off at 0.05.

DNA extraction and amplification {#Sec9}
--------------------------------

DNA was extracted from five samples both of Bulk soil (Bs) and of the soil associated with the roots of *V. vinifera* (Rs), collected during flowering (1 S) or fruiting (2 S), using the Power Soil R DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) following the manufacturer's instructions. Then, DNA was employed as template for an hemi-nested PCR using LR1 and FLR2^[@CR44]^ primers for the first amplification and LR1 and FLR4^[@CR44]^ primers tagged with Multiplex Identifier sequences for 454 Pyrosequencing (Roche Diagnostics S.p.A.) for the second one. In particular, the FLR2 primer used in the first reaction is specific for fungi, while the FLR4 primer used in the second reaction is specific for Glomeromycota^[@CR49]^. The reactions were performed in a Techne thermocycler (TC512, Bibby Scientific, Riozzo di Cerro al Lambro, Italy) at the following conditions: initial denaturation 94 °C for 5 min; then 94 °C for 1 min, 60 °C for 1 min, and 72 °C for 2 min or 5 min (for the first and the second amplification, respectively) for 30 cycles; finally, an elongation step at 72 °C for 5 min. Each reaction mixture (20 μl) contained five microliters of genomic DNA diluted at different levels (1:10, 1:50, 1:100 - for the first amplification) or the first PCR products diluted 1:100 and 1:500 (for the second amplification), dNTPs 500 μM, MgCl~2~ 1.5 mM, 2 μl PCR buffer 10×, 500 nM of both forward and reverse primers and 0.4 U of Taq DNA Polymerase (Thermofisher).

The products of the second PCR (size 700-bp) were used for pyrosequencing using 454 technology. DNA-carrying beads were loaded on a PicoTiter (Roche Diagnostics S.p.A.) plate and surrounded by enzyme beads (sulfurylase luciferase). The light signals were represented in flow grams and analyzed; a nucleotide sequence was determined for each read with the GS Amplicon Variant Analyzer software.

Bioinformatic analysis {#Sec10}
----------------------

Data were analyzed using a custom bioinformatic pipeline. Raw sequence reads were demultiplexed to obtain a single file for each sample (consisting of 5 biological samples, 2 plant phenological stages and 2 soils - Bs and Rs). During this process, reads that met the following criteria were discarded: (1) read length \<than 200 nucleotides, (2) average Phred quality score^[@CR50]^ \< than 25, (3) presence of at least one ambiguous base inside the read. Then, an alignment of each sequence was performed against our AMF LSU rDNA database, consisting of 3.803 univocal sequences downloaded from the on-line sources: EBI and SILVA databases, and <http://www.amf-phylogeny.com/amphylo_species.html>^[@CR51]^. This database was prepared starting from all the LSU sequences (except those named "uncultured"), then, a selection was made considering only the fragments delimited by LR1 and FLR4 primers. The alignment of each sequence was performed using BLASTN^[@CR52]^, and, in order to identify the taxa at species level (named "known"), two criteria were applied: coverage ≥ 80% and similarity of sequences ≥ 97% according to Lindahl *et al*.^[@CR37]^ and Hart *et al*.^[@CR38]^. Chimeras were also removed with these criteria. All the sequences that did not meet both the above mentioned criteria, were subsequently aligned against themselves: all the sequences with coverage ≥ 80% and similarity of sequences ≥ 97% when compared one to each other, were grouped together and each group was named "*de novo*".

In order to perform bioinformatic analysis, a sequence database containing the results normalized at 7,000 (an average number deduced comparing the richness of sequences obtained in each sample replica) was produced. The rarefaction curves were plotted with the RAM package of R^[@CR53]^ (Fig. [S1](#MOESM1){ref-type="media"}).
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Taxa abundance analysis was calculated considering only the taxa present with at least 10 sequences in one replicate in order to ensure that the identification was not due to sequencing errors and the median value of the number of sequences for each taxon was calculated. Then, to give a name to the "*de novo*" taxa, they were BLASTed against NCBI database (Table [S2](#MOESM1){ref-type="media"}).

To compare the abundance and the degrees of richness and evenness of AMF in Bs and Rs, the Venn diagrams were drawn using the freely available Venny version 2.1 software (http://bioinfogp.cnb.csic.es/tools/venny)^[@CR53]^.

In order to compare the two analyzed AMF communities, a further analysis by MicrobiomeAnalyst, a free available on-line software (<https://www.microbiomeanalyst.ca>), was carried out, as reported in Berlanas and collaborators^[@CR54]^ and also suggested in Sergaki *et al*.^[@CR55]^. In particular, Alpha diversity analysis was performed using the phyloseq package^[@CR56]^. The results were plotted across samples and reviewed as box plots for each group or experimental factor. Further, the statistical significance of grouping based on experimental factor is also estimated using either parametric or non- parametric tests.

Heat tree method was used to compare abundance at species taxonomic level for each pair of factors (time and space) in the metadata variable. Heat Tree uses hierarchical structure of taxonomic classifications to quantitatively (median abundance) and statistically (non-parameter Wilcoxon Rank Sum test) depict taxon differences among communities. It generates a differential heat tree to show which taxa are more abundant in each treatment. Heat tree analysis was performed using R metacoder package^[@CR57]^. The significant cut off used was 0.05.

Beta diversity analysis was performed using the phyloseq package^[@CR56]^. Principle Coordinate Analysis (PCoA) using Bray-Curtis distance based method was applied and the statistical significance of the clustering pattern in ordination plots were evaluated using Permutational ANOVA (PERMANOVA). Moreover, LEfSe analysis using non-parametric factorial Kruskal-Wallis (KW) sum-rank test was performed. Features were considered to be significant based on their adjusted p-value. Adjusted p-value cutoff = 0.05 and LDA score = 1.0 were applied.
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